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STRUCTURED SEMICONDUCTOR FIBERS FOR 
 
MID-INFRARED TRANSMISSION 
 
DEBANGSHU MUKHERJEE 
 
ABSTRACT 
 
The mid-Infrared (mid-IR: 3-12 µm wavelength range) spectral range represents a 
part of the electromagnetic spectrum that impacts practically every aspect of human 
society, and is used for biomedical surgery, chemical sensing to technologies that 
enhance defense capabilities. Semiconductors like silicon and germanium can effectively 
transmit light in the mid infrared region of the electromagnetic spectrum. In addition to 
remote transmission of mid-Infrared light, by tailoring the index of refraction of 
a semiconductor fiber waveguide, one can manipulate the nonlinear properties of light 
pulses, which leads to temporally and spectrally shaping them, thus using the passive 
optical fiber itself as a medium to create new color sources, or detection systems. To 
create low loss waveguides and to be able to manipulate light, there is the necessity to 
fabricate refractive index structures. Current semiconductor waveguides that have 
refractive index structures are short in length (~30cm), while long semiconductor 
waveguides do not possess refractive index structures. 
Optical fiber is fabricated  by drawing preforms in a fiber draw tower. The most 
versatile technique for preform fabrication with refractive index structures is the 
Modified Chemical Vapor Deposition (MCVD) process. In this research, the MCVD and 
the draw tower in the BU Photonics Center were used to deposit silicon and germanium 
inside glass tubes which has not been done before. Precursor gases like silane and 
 vii 
germane were flown through Duran, Vycor and Fused silica tubes in a tube furnce to 
deposit silicon and germanium in the inner surface of the tubes. The as-deposited glass 
tubes were collapsed in the flame on the MCVD lathe to form solid preforms. The 
preforms were characterized using X-Ray Diffraction, optical and electron microscopy to 
understand the MCVD reaction kinetics. The characterization data was used to model 
the deposition behaviour with temperature and gas flow rates. Fluid dynamics software 
was used to model the tube collapse parameters. Several of these preforms were 
subsequently drawn to fiber in the fiber draw tower. This was the first time a refractive 
index structure was created in a semiconductor preform. 
  
 viii 
Table of Contents 
1. Introduction 1 
 1.1 Optical fibers 2 
  1.1.1 Single Mode Fibers 3 
  1.1.2 Wavelength of operation 5 
 1.2 The need for mid-Infrared Fibers 7 
  1.2.1 Laser Surgery 7 
  1.2.2 LIDAR 7 
  1.2.3 Military Use 8 
  1.2.4 Gas Sensing 8 
 1.3 Mid Infrared fibers in Use 8 
  1.3.1 Chalcogenide Glasses 9 
   1.3.1.1 Sulfide Fibers 11 
   1.3.1.2 Selenide Fibers 11 
   1.3.1.3. Problems with Chalcogenide Glasses 12 
  1.3.2 Semiconductor Fibers 12 
   1.3.2.1. Molten-Core 13 
   1.3.2.2 High Pressure CVD 14 
 1.4.1 Proposed Approach at Boston University 14 
  1.4.1.1 Fiber Structure 15 
  1.4.1.2 Alloy Deposition with MCVD 16 
2. Equipment Used 17 
 ix 
 2.1 Modified Chemical Vapor Deposition 17 
  2.1.1 Modifications Performed 22 
  2.1.2 Draw Tower 24 
  2.1.3. Glasses Used 26 
3. Experiments and Modelling 29 
 3.1 Flame Deposition 29 
  3.1.1 Problems with Flame Deposition  31 
  3.1.2 Problems with Consolidation  32 
 3.2 Modelling of Chemical Vapor Deposition of Silicon  33 
  3.2.1 Assumptions Used  34 
  3.2.2 Derivation of Equations  35 
 3.3 Modelling of Tube Collapse 39 
  3.3.1 Collapse of a Bilayer Tube  39 
 3.4 Furnace Deposition  41 
  3.4.1 Furnace Deposition of Silicon  42 
  3.4.2 Furnace Deposition of Germanium  47 
 3.5 Collapse of Germanium Preforms  50 
 3.6 Drawdown of Germanium Core Fibers  53 
 3.7 Alloy Preforms  55 
  3.7.1 Approaches to Collapsing Alloy Deposited Samples 56 
   3.7.1.1.1. High Temperature Glasses  56 
   3.7.1.1.2. Lower Silicon Content 57 
 x 
   3.7.1.1.3. Melting Points of GeO2 vs SiO2 57 
  3.7.2. Modified Alloy Deposition 57 
4. Conclusions and Future work 60 
 4.1 Final Outcomes 60 
 4.2 Future Goals 61 
References    62 
Curriculum Vitae  67 
 
  
 xi 
List Of Figures 
Fig. 1.1 Schematic of a rectangular slab waveguide geometry 1 
Fig. 1.2 Schematic of an optical fiber and the total internal reflection of light 3 
Fig. 1.3 Optical loss in silica as a function of wavelength 5 
Fig. 1.4 Relative transmittance of several optical materials as function of wavelength 9 
Fig. 1.5 Schematic of the double crucible method 10 
Fig. 1.6 Transmittance of semiconductors 12 
Fig. 1.7 Ge-Si phase diagram generated from FactSageTM 15 
Fig. 2.1 Soot formation during MCVD deposition 18 
Fig. 2.2 Nextrom OFC12 MCVD lathe at Boston University 20 
Fig. 2.3 Schematic of the glass tube 21 
Fig. 2.4 Schematic of fiber draw in a draw tower 24 
Fig. 2.5 Draw tower at Boston University 25 
Fig. 3.1 Top: Photograph of a Si film deposited inside a fused silica tube. Bottom: Crack 
in the film, showing columnar grains 30 
Fig 3.2 Optical Microscope of Silicon Deposited on Fused Silica 31 
Fig. 3.3 Cauliflower growth pattern in Furnace Deposited Silicon 32 
Fig 3.4 Idealized CVD deposition model of silicon 33 
Fig 3.5 Mass transport and Surface Nucleation in CVD 35 
Fig. 3.6 Schematic of the CVD reaction model 36 
Fig. 3.7 Plot of deposition rate as a function of temperature  38 
Fig. 3.8 Ideal CVD deposition kinetics as a function of temperature and pressure 38 
Fig. 3.9 Temperature Distribution in Furnace at 7000C Furnace Value 42 
Fig. 3.10 Axial plot of Deposition Thickness 44 
 xii 
Fig. 3.11a Deposition at 7000C at 376 mm 45 
Fig. 3.11b Increased powder formation at 451 mm in 7000C deposition 45 
Fig. 3.11c Little powder formation, and uniform thickness at 340mm for 7000C sample 46 
Fig 3.11d Uneven sample deposition at 291mm for 6200C deposition 46 
Fig. 3.12 Matte grey deposition of germanium 48 
Fig. 3.13 Shiny black deposition of germanium 49 
Fig. 3.14 SEM Image of matte grey region 49 
Fig. 3.15 SEM image of Shiny black region 49 
Fig. 3.16 SEM image of collapsed Ge preform 51 
Fig. 3.17 False color SEM of collapsed Ge preform 51 
Fig. 3.18 False color SEM of collapsed Ge preform  51 
Fig. 3.19. Schematic of the Ge collapse process. 52 
Fig. 3.20a Germanium preform after collapse 54 
Fig. 3.20b Germanium at cleaved cane end after collapse and draw-down 54 
Fig. 3.21 Hundreds of microns thick alloy deposition 55 
Fig. 3.22 Depleted region with regions of almost no deposition. 56 
Fig. 3.23 Collapsed alloy preform with linescan showing presence of both silicon & 
germanium 58 
Fig. 3.24 Top: Germanium beading during consolidation. Bottom: Schematic of 
sacrificial germanium layer beading during consolidation 59 
1 
 
 
 
 
 
1. Introduction 
Jean-Daniel Colladon first observed, [1] that a jet of water acts as a light pipe, in 
the sense that light is guided inside it by the means of total internal reflection. Any such 
structure is called a waveguide, where electromagnetic waves are guided through a region 
of higher refractive index that is surrounded by a region of lower refractive index. 
 
Figure 1.1 Schematic of a rectangular slab waveguide geometry 
Figure 1.1 shows a rectangular slab waveguide, where n denotes the refractive 
index. If n2 > n1, then the structure acts as a waveguide. Waveguides can be one-
2 
dimensional (if one of the cross-sectional dimensions is significantly larger than the 
other) or two-dimensional (if the dimensions are comparable). 
1.1 Optical Fibers 
The most widely used two-dimensional waveguide is an optical fiber, shown 
schematically in Figure 1.2. An optical fiber is a cylindrical waveguide, with a higher 
refractive index central region called the core, and a lower refractive index outer region, 
called the cladding. The pioneering ideas in the development of optical fibers were given 
by Sir Charles Kao [2], for which he was awarded the 2009 Nobel Prize in Physics. 
The figure shows that light undergoes total internal reflection in the fibers as it 
propagates inside the fiber. Actually, total internal reflection occurs when the incident 
angle (angle between the incident ray and the normal to the interface) is above a 
minimum value called the critical angle, given as: 
𝜃𝑐 = tan
−1 (
𝑛2
𝑛1
)…….………………….Equation 1.1 
However, total internal reflection provides an incomplete picture of the 
transmittance of light in a waveguide. This is because ray optics is an approximation of 
wave optics, and the approximation only holds when a parameter called the V number 
(Equation 1.2) exceeds 40. 
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Figure 1.2 Schematic of an optical fiber and the total internal reflection of light 
The V number, also known as the normalized frequency is a parameter used for 
characterizing an optical fiber, and is defined as: 
𝑉 =  
2𝜋𝑎
𝜆
 ×  √𝑛1
2 − 𝑛2
2……………………..Equation 1.2 
As before, n1 and n2 are the refractive indices, a is the core diameter of the fiber, 
and  is the wavelength of light. When the V number is below approximately 2.405, 
(which is the first root of the Bessel Function J0) the fiber acts as a single mode fiber. 
1.1.1 Single Mode Fibers 
Light is an electromagnetic wave, as first postulated by James Clerk Maxwell in 
his equations [3]: 
∇. ?⃗? =  
𝜌
𝜀0
………..Equation 1.3 
∇. ?⃗? = 0……….Equation 1.4 
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∇ × ?⃗? =  −
𝛿?⃗? 
𝛿𝑡
……………Equation 1.5 
∇ × ?⃗? =  𝜇0𝐽 +  𝜇0𝜖0
𝛿?⃗? 
𝛿𝑡
………..Equation 1.6 
where ?⃗?  denotes the electric field, ?⃗?  the magnetic field, 0 the permittivity of free space 
and µ0 the vacuum permeability or magnetic constant. Solving the Maxwell equation for 
the electric field in waveguides leads to the Helmholtz equation:  
𝛿2?⃗? 
𝛿𝑟2
+ 
1
𝑟
𝛿?⃗? 
𝛿𝑟
+ (𝑛2𝑘0
2 − 𝛽2 −
𝑙2
𝑙2
) ?⃗? = 0……………………..Equation 1.7 
where k0 is the wavevector, 𝛽 is the propagation constant and ?⃗?  is the electric field. The 
solutions to the Helmholtz equation in one-dimensional waveguides are sine and cosine 
functions, while in two-dimensional cylindrical waveguides like optical fibers they are 
first-order Bessel functions. The Helmholtz equation is very similar in nature to the 
Schrödinger’s equation as they are both fundamentally wave equations. Modes are 
analogous to energy states for electrons, when solving the Schrödinger’s equation for the 
particle-in-a-box case. A single mode fiber is one where only such solution is allowed. 
Charles Kao proposed and popularized the use of single mode fibers for 
communications. Single-mode fibers suffer much less modal dispersion, and thus 
maintain the signal fidelity over longer distances, leading to significantly higher 
bandwidths.  
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1.1.2 Wavelength of Operation 
One of the primary parameters for characterizing optical materials is loss. Loss is 
generally expressed in dB/km. In his landmark 1966 paper [2], Kao pointed out the two 
underlying causes for loss in silica were Rayleigh scattering at lower wavelengths, which 
decreases with increasing wavelengths, and infrared absorption, which increases with 
increasing wavelengths. 
Although these two are the main causes, there is some ultraviolet absorption, 
which coincides with Rayleigh scattering region, and overtones of light absorption by the 
O-H bond. Figure 1.3 shows the dependence of optical loss in ultrapure water free silica 
on wavelength. 
 
Figure 1.3 Optical loss in silica as a function of wavelength [2] 
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Kao predicted that by using light signals centered around 1550nm, where the loss 
was minimum, it was possible to bring the optical loss down to 1 dB/km.  Within fifteen 
years of Kao’s paper, Corning had succeeded in bringing loss down in silica fibers to 0.2 
dB/km, almost close to the theoretical limit [4][5]. 
In the late eighties, after erbium doped fiber amplifiers were invented [6], which 
allowed amplification of optical signals in the wavelength window of 1530-1565 nm 
(where the optical loss of silica is the lowest), it became possible to economically 
transmit optical signals for thousands of kilometers without significant penalties. This 
wavelength band is known as the C-band in optical communications. Indeed, the 
backbone of today’s global internet infrastructure is based on such optical fibers.  
The vast majority of today’s optical communications are transmitted in the 
wavelength window of 1300-1600nm, of which the C-band is a subset. Apart from 
communications, optical fibers in the modern world are also used for several other 
purposes, like fiber lasers, sensing, detection etc. Silica glass has a pretty low coefficient 
of nonlinearity. The second order non-linearity, (2) is absent since silica glass is 
amorphous, and its third order nonlinearity (3) is also pretty low. But because of the 
extremely low loss levels, the third order nonlinearity can be leveraged for many useful 
effects like supercontinuum generation, which generates broad bandwidth coherent 
white light [7]. New uses of optical fibers are coming up almost daily. 
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1.2 The need for Mid-Infrared Fibers 
As seen in Figure 1.3, the optical loss in bulk silica glass rises rapidly past 
1800nm. In the mid infrared region, the loss in silica fibers is orders of magnitude higher. 
As mentioned in the previous section, from lasers to communications, many fields have 
been revolutionized by the availability of optical fibers. However there is a paucity of 
similar solutions for mid infrared (IR) optics. Mid-IR optics is currently essential for 
many applications listed below. 
1.2.1 Laser Surgery 
Lasers can be both used as a scalpel in lieu of a traditional surgical scalpel, or to 
vaporize liquid-containing tissues for laser ablation [8]. The mid infrared region of the 
spectrum is reported to have the fewest side effects for laser operations. Several organic 
molecules have bond vibration energies in the mid infrared region, which is used for 
laser ablation. Laser ablation is used for LASIK surgery [9], is used for dermabrasion for 
cosmetic surgery [10]. 
1.2.2 LIDAR 
LIght Detection And Ranging (LIDAR) is an optical remote sensing technique 
where a distant object is illuminated with laser light, and the backscattered light is 
analyzed [11]. LIDAR is being currently used in drones [12], autonomous self-driving 
vehicles and also for mapping [13]. As mentioned, different chemicals have different 
infrared signatures, so the availability of portable high power infrared laser sources is 
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essential for extending LIDAR capabilities. Fibers which can transmit mid infrared light 
offer the best solution [14]. 
1.2.3 Military Use 
Fibers that transmit mid infrared light can confuse heat seeking missiles, and 
would thus be an essential component of a missile defense system [14]. 
1.2.4 Gas Sensing 
Remote sensing of gases is necessary in hazardous environments that range from 
oil fields to battlegrounds. Long length mid-IR fibers offer both capabilities, with the 
term ‘remote’ arising from the fiber lengths that may be in the order of kilometers, and 
the ‘sensing’ arising due to their capability to detect gases via their infrared signatures. In 
fact, chalcogenide fibers are already being used for this purpose [16]. 
1.3 Mid Infrared Fibers in Use 
Some well-known mid-infrared transparent materials are chalcogenide glasses, 
and ZBLAN glasses. The relative transmittance of these materials as a function of 
wavelength is shown in Figure 1.4. Among these, ZBLAN has well known problems 
with vitrification. In glassy form, ZBLAN has very low optical losses. However, ZBLAN 
easily forms crystals during drawing [17], and the crystals act as scattering centers, thus 
increasing the transmission losses by several orders of magnitude above the theoretical 
loss. 
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1.3.1 Chalcogenide Glasses 
 
Figure 1.4 Relative transmittance of  several optical materials as function of wavelength [16] 
Chalcogenides are chemical compounds of the chalcogens, which include the 
Group 16 of the periodic table. They are oxygen, sulfur, selenium and tellurium. Even 
though oxygen is a chalcogen, oxides are studied in inorganic chemistry as their own 
separate class. Chalcogenides refer to sulfides, selenides and tellurides. Most 
chalcogenide fibers are manufactured by the ‘double crucible’ technique, shown 
schematically in Figure 1.5. 
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Figure 1.5 Schematic of the double crucible method [16] 
The double crucible can be visualized as a crucible in a crucible, where the melt 
from the outer crucible gives rise to the cladding, while the melt from the inner crucible 
gives rise to the core. As drawn fibers are often Teflon coated for their protection. 
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1.3.1.1 Sulfide fibers 
As can be deduced from Figure 1.4, sulfide fibers have the smallest infrared 
transmission window among all chalcogenides. But sulfides also have the highest 
difference between their melting temperature (Tm) and their glass forming temperature 
(Tg). The higher this temperature difference, the easier it is to form glass from the melt 
rather than forming crystallites that add to scattering losses. For forming sulfide fibers, a 
cooling rate of 10C is used, and literature reports the availability of single mode sulfide 
fibers. The most common sulfide systems are As-S (arsenic-sulfide) systems and Ga-Ge-
S (gallium-germanium-sulfide) systems. Sulfide fibers are already being used for CO2 
laser power delivery and Er:YAG (erbium doped yttrium aluminum garnet) for 
ophthalmic surgery. Uncoated sulfide fibers have also been used for evanescent remote 
sensing of benzyl compounds [16][18]. 
1.3.1.2 Selenide Fibers 
Selenide glass lenses, prepared by melting selenides and rapidly cooling them in 
metallic dies, are currently used for infrared cameras. The infrared transmission window 
of selenides are larger than for sulfides, but the temperature difference between melting 
and glass forming temperatures is also lower than for sulfides, which make glass forming 
more difficult. Arsenic selenides and germanium Selenides are the two most commonly 
used systems [19][20]. The major problem with most selenides is their toxicity that 
precludes their use for in-vitro sensing and for laser surgery [16]. 
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1.3.1.3 Problems with chalcogenide glasses 
The biggest problem with chalcogenides is their low temperatures of melting 
which is of the range of 1000C to 2000C. This rules out their use in high temperature 
applications [16][20]. Most chalcogenides are unstable glass formers and show a tendency 
to devitrify even at room temperatures. Chalcogenides like selenides and tellurides are 
highly toxic which rules out their biological uses too [16][19][20]. 
1.3.2 Semiconductor Fibers 
Semiconductors like gallium phosphide, gallium arsenide, silicon and germanium 
are transparent in the mid infrared region of the electromagnetic spectrum (Figure 1.6). 
 
Figure 1.6 Transmittance of semiconductors [21] 
Silicon and germanium are both well-studied compounds that are stable, non-toxic and 
have relatively high melting temperatures, with germanium melting at 9670C and silicon 
melting at 14140C. Semiconductors fibers already exist, with two main different 
approaches for processing such fibers [22][23][24]. 
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1.3.2.1 Molten-Core  
Researchers at Clemson University have created semiconductor-core optical 
fibers in a glass jacket [22], by melting semiconductors in glass tubes in a draw tower 
furnace, and then subsequently drawing them down to fibers. To prevent oxidation of 
the molten silicon, the preforms are loaded with a mixture of silicon and silicon carbide 
powders. This approach has been replicated with germanium as well, and both silicon 
and germanium core optical fibers have been reported. There are no reports of alloy 
fibers in the literature. Because of the use of a draw tower, long fiber lengths of the order 
of several meters have been reported, with single crystal regions of several centimeters. 
The major problem with this approach is that the semiconductor core is radially uniform 
in composition. In a core-cladding fiber design, if the light is entirely confined in the 
core, then the losses are low. However, the solutions of the Helmholtz equation for 
optical fibers (Equation 1.7) demonstrate that some of the light leaks out of the higher 
index region, similar to the tunneling of electrons in a non-infinite potential well. This is 
known as an evanescent wave. In the fibers prepared at Clemson, the evanescent wave 
exists in the jacketing glass, which has very high loss in the infrared spectrum. This 
makes the fibers lossy, and impossible to use for applications where long transmission 
lengths are required [25]. 
Additionally, the semiconductors were not completely immune to oxidation. The 
silicon fibers showed oxygen contents in the vicinity of 17% [26], while the germanium 
14 
fibers showed oxygen contents in the vicinity of 5% [22]. Both SiO2 and GeO2 have very 
high losses in the mid infrared spectrum, which increase the loss values of such fibers. 
1.3.2.2 High pressure CVD 
Researchers at The Pennsylvania State University approached this problem by 
creating microstructured optical fibers made of glass first and then depositing 
semiconductors inside the fiber. Silane (SiH4) and germane (GeH4) were used as 
precursor gases [23]. To enable rapid gas transport, high pressures, of the order of 2-5 
MPa were used. The fibers obtained by this approach initially consisted of amorphous 
semiconductors. The researchers were able to ultimately synthesize meters long fibers 
with a tiny (several nanometers) sized hole in the middle. The as-deposited fibers were 
annealed for 2 hours at 9000C to recrystallize the semiconductor. This process enabled 
the deposition of core-cladding structures, and possibly even more complicated fiber 
refractive index structures. The problem with this approach is that only short lengths can 
be fabricated at one time, and the fabrication time increases exponentially with length, 
ruling out long length applications. 
1.4.1 Proposed Approach at Boston University 
The goal at Boston University was to overcome both the problems faced by 
researchers at Clemson University and The Pennsylvania State University by creating 
long length refractive semiconductor structures. Silicon and germanium belong to the 
same group (Group 14) in the periodic table, and have similar chemical and physical 
properties. Both have diamond cubic crystal structures. The Van der Waals radius for 
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Silicon is 211pm, while the Van der Waals radius for Germanium is 210pm. This ensures 
complete solid solubility as can be seen from their phase diagram (Figure 1.7). 
 
Figure 1.7 Ge-Si phase diagram generated from FactSageTM 
1.4.1.1 Fiber Structure 
At mid-infrared wavelengths, the refractive index of crystalline Germanium is 
4.01, while the refractive index of crystalline Silicon is 3.42 [27]. Additionally, alloys of 
silicon and germanium show refractive indices between these two values following the 
rule of mixtures, making it possibly to tune the refractive index by tuning the alloy 
composition. 
As mentioned in Section 1.1, the core of an optical fiber has a higher refractive 
index, while the cladding of the fiber has a higher refractive index. The proposed 
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structure at Boston University, similar to the fibers fabricated at The Pennsylvania State 
University, aimed to create fibers with alloys, such that the cladding alloy was richer in 
silicon than the core alloy. 
1.4.1.2 Alloy deposition with MCVD 
The most well established industrial technique for fabricating long length fibers is 
to fabricate preforms using the Modified Chemical Vapor Deposition (MCVD) process, 
and draw down as fabricated preforms down to optical fibers. The goal at Boston 
University was to deposit alloys of silicon and germanium inside glass tubes using the 
MCVD process, collapse the as-deposited tubes to form solid preforms, and draw down 
the preforms in the draw tower. Both the MCVD and the optical fiber draw tower were 
present in the laboratory at Boston University during the duration of this research.  
The major advantage of the MCVD and draw tower process is that refractive 
index structures fabricated in the MCVD are faithfully reproduced during drawdown 
[28]. This happens because in industrial fiber manufacture, the preform is all-glass, whose 
viscosity is temperature controlled to prevent mixing between layers. To successfully 
extend that to semiconductors, it was proposed to draw alloys at a temperature between 
their liquidus and solidus temperatures, the so-called “mushy state”. Also, for layered 
semiconductor alloy structures, the liquid compositions in the layers are the same. So the 
mixing of the liquids between the layers would not lead to a change in the composition 
gradient in the layered structures.  
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2. Equipment Used 
2.1. Modified Chemical Vapor Deposition 
The Modified Chemical Vapor Deposition (MCVD), along with the Outside 
Vapor Deposition (OVD) are the primary industrial methods for manufacturing optical 
fibers [29]. The process was invented in the early seventies at the University of 
Southampton, Corning and Bell Laboratories [30]. The MCVD process consists of 
mounting a hollow glass tube in a lathe with a predetermined gas composition flowing 
through the tube. An oxy-hydrogen flame torch moves along the glass tube that provides 
an adjustable temperature to the glass tube. The reactants form ultra-high purity glass 
inside the tube, which is consolidated into a preform. 
The major steps in the MCVD process are [31]: 
a) Deposition: The oxy-hydrogen torch provides a high temperature environment 
for the gases flowing inside the tube to react and undergo deposition on inside 
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surface of the glass tube. For conventional optical fiber manufacture, the most 
common reactants flown inside are SiCl4 which reacts with oxygen to form SiO2, 
GeCl4 which dopes the silica with germanium and increases the refractive index, 
AlCl3 and POCl4 which dope the silica with aluminum and phosphorus which 
depress the refractive index, and other rare earth dopants like erbium or 
ytterbium which are used for specialty fibers like fiber based amplifiers, fiber 
lasers etc. Each pass of the flame torch deposits a layer of ‘soot’. The soot is 
primarily made up of SiO2, along with the dopants that were being flowed during 
that particular deposition pass. For creating refractive index structures inside the 
fibers, a reverse route is followed, with the outermost composition being 
deposited first, and the innermost composition being deposited the last. 
 
Figure 2.1 Soot formation during MCVD deposition 
b) Vitrification: The as-deposited soot is a mixture of crystalline and amorphous 
regions. For optical fibers, crystals act as scattering centers that increase the 
transmission losses. Thus the whole tube is again heated with the moving oxy-
hydrogen torch that liquefies the as-deposited soot, which is then rapidly 
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solidified to form an amorphous glass. After this step a tube with varying 
refractive index along its radius is obtained. 
c) Consolidation: To prevent the tube from clogging up during deposition, the 
entire radius of the tube is not filled up along the passes. After the vitrification 
step, a hollow tube with varying refractive index is obtained, which has to be 
converted into a solid rod. This is done by heating the glass tube so that its 
viscosity decreases, and the tube starts collapsing under its own surface tension. 
Since the dopant quantities are pretty small, in the order of parts per million, the 
viscosity and surface tension of the glass in its inner and outer surfaces are pretty 
similar. The rate of the tube collapse depends on the surface tension difference 
between the inner and outer surfaces, and the pressure difference, so to speed up 
the process, a high pressure difference is maintained and the whole tube collapses 
into a solid rod called a preform in about three to four passes.  
20 
 
Figure 2.2 Nextrom OFC12 MCVD lathe at Boston University (Photo: Dr. Michael Grogan) 
The MCVD lathe at Boston University (Figure 2.2) consists of three major parts, 
the head chuck, the lathe and the tail chuck. The gas connections feed into the head 
chuck, where they are mixed, and feed into the glass tube. The head chuck also grips the 
handle end of the glass tube, and makes a tight, impermeable seal. The head chuck has a 
motor that rotates the glass tube at a predetermined rpm. The oxy-hydrogen burner 
moves along the glass tube on the lathe. As mentioned before, the hydrogen is carried up 
by double walled tubes, and fed into the burner. The Siemens control unit of the burner 
determines the hydrogen gas flow. Only the hydrogen gas flow can be adjusted, and the 
oxygen gas flow is always kept at 0.45 times the hydrogen gas flow. Adjusting the burner 
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hydrogen gas flow and its movement speed long the lathe helps adjust the temperature 
of the tube, generally in the range of 10000C to 22000C.  
 
Figure 2.3 Schematic of the glass tube 
The glass tube itself consists of three parts, welded together (Figure 2.3). The 
handle of the glass tube is fitted to the head chuck, the soot tube is fitted to the tail 
chuck and the burner moves along the deposition tube. The handle has a specific 
thickened kink, just before the weld with the deposition tube to act as a thermal sink. 
The soot tube has a wider diameter than the deposition tube and the handle and its 
purpose is to collect excess soot generated during the MCVD process. 
The soot tube is held by the tail chuck and it leads into the soot box. The soot 
box is always kept at a negative pressure with respect to the deposition tube, as its 
function is to collect excess soot, reaction products and unreacted gases. The soot is 
precipitated inside the soot tube and the soot box, while the gases are sucked out of the 
soot box, and fed into the scrubber. 
The Mystaire scrubber consisted of a system of two venturi tubes, and a packed 
bed reactor. The scrubber is filled with a sodium hydroxide solution, and is operated 
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with a system of interconnected pumps. The sodium hydroxide solution flows through 
the venture tubes, aerosolizes, which helps it to dissolve the gases being fed into the 
scrubber from the MCVD system. The MCVD exhaust gases, before being fed into the 
scrubber, are diluted with nitrogen fed in from the gas dewars. The dissolved gas-sodium 
hydroxide solution generated inside the venturi tubes are fed into a packed bed reactor, 
where unreacted gases form  benign and water-soluble byproducts by the reactions: 
6NaOH + SiCl4       Na2SiO3 + 4NaCl + 3H2O 
6NaOH + GeCl4       Na2GeO3 + 4NaCl + 3H2O 
The excess gases are removed through a system of piping and are ultimately fed out 
through the roof fan. The roof fans are also responsible for keeping a negative pressure 
in the system, from the soot box through the gas scrubber. 
2.1.1 Modifications Performed 
All the experiments as described in this thesis were performed on a Nextrom 
OFC 12 MCVD lathe. The system as initially installed had the ability to flow in silicon 
tetrachloride (SiCl4), germanium tetrachloride (GeCl4) and POCl4 for silica soot 
deposition and for doping the as-deposited soot with germanium and phosphorus. In 
conventional Modified Chemical Vapor Deposition, oxygen is bubbled through the 
liquid silicon and germanium tetrachlorides, and it acts as a carrier gas for these reactants. 
The reactant led oxygen is then fed into the glass tube mounted on the MCVD lathe, 
where it forms the soot. 
23 
The MCVD at Boston University had isolated lines for germane (GeH4) and 
silane (SiH4) installed. The lines were insulated to prevent oxygen leaking into the lines 
and reacting during the deposition stage and forming germanium oxide or silica. This 
was accomplished by capping the aforementioned bubblers, and purging the MCVD 
system with dry nitrogen gas obtained from nitrogen dewars before starting the 
deposition.  
The setup had four nitrogen dewars installed. The dewars, supplied by Airgas, 
had a capacity of 280 liters of liquid nitrogen. The liquid nitrogen slowly boils off inside 
the dewar, and the resulting vapors were either vented, or were fed into the gas flow lines 
for supplying dry nitrogen. Even though more expensive, liquid nitrogen dewars were 
preferred to nitrogen gas cylinders because of the higher purity of the dewar-supplied 
nitrogen. The nitrogen used had two purposes. The first was to be used as a carrier gas 
for the reactants, and the second was to be used as a carrier gas for the scrubber system. 
The hydrogen used for operating the burner of the MCVD was transported from 
a central station by double walled steel piping. The oxygen for the burner was obtained 
from a liquid oxygen dewar, again supplied by Airgas. The reactant gases, silane and 
germane were stored in the adjacent room to the MCVD lathe, in a special gas cabinet, 
with evacuating fans that were connected to a central roof fan.  
Three sets of sensors, one each for germane, hydrogen and silane, ensured 
adequate warning of gas leaks. Hydrogen is flammable, while germane and silane are 
flammable and neurotoxic. 
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The germane cylinder was bottled at 0.2 mole% germane, with the balance being 
argon, while the silane cylinder was bottled at 0.7 mole% silane, with the balance being 
argon. The gases were flown through an externally adjustable Mass Flow Controller with 
a range of operation from 3SCCM to 1000SCCM. These above mentioned modifications 
were performed by Optacore. 
2.1.2 Draw Tower 
The preform manufactured on the MCVD lathe has the same refractive index 
profile to the one desired in the optical fiber, but is several orders of magnitude thicker 
in diameter. The preform typically has a diameter of several centimeters, while an optical 
fiber has a diameter of a few hundred microns. The reduction of diameter is performed 
in a fiber draw tower, shown schematically in Figure 2.4. 
 
Figure 2.4 Schematic of fiber draw in a draw tower [28] 
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Figure 2.5 Draw tower at Boston University (Photo: Dr. Michael Grogan) 
Figure 2.5 shows the draw tower at Boston University. The fiber draw tower 
consists of a vertical tube furnace that can be maintained a very steady temperature. The 
preform is fed into the furnace. As the temperature of the preform increases, the 
viscosity of the glass starts decreasing. When the glass viscosity falls below 104 Poise, it 
starts flowing under the influence of gravity. 
As soon as the glass starts flowing outside the furnace, it starts cooling down and 
hardening up again. This is then fed into a system of multiple capstans, each capable of 
maintaining a preset draw speed for the glass. The draw speed (vDraw)of the glass depends 
on the feed speed (vFeed)of the preform into the furnace, the final desired diameter of the 
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fiber, and the initial diameter of the preform. Since the total mass has to be conserved, 
the draw speed can be calculated as: 
νDraw = νFeed × (
𝑃𝑟𝑒𝑓𝑜𝑟𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝐹𝑖𝑏𝑒𝑟 𝐷𝑖𝑎𝑚𝑡𝑒𝑟
)
2
 
As can be easily calculated: 
lFiber = lPreform × (
𝑃𝑟𝑒𝑓𝑜𝑟𝑚 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝐹𝑖𝑏𝑒𝑟 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
)
2
 
Where lFiber is the final length of the Fiber obtained.  
A typical preform with a 2.5cm diameter, and half a meter of length would thus 
translate to 20 kilometers of 125 micron fiber. The Fiber draw process faithfully 
maintains the refractive index profile of the preform. Thus the MCVD and draw tower 
system can produce kilometers long fiber with desired dopant profiles. 
2.1.3. Glasses Used 
A variety of glasses were used for the entire experimental process. 
Communications grade optical fiber must be absolutely free of impurities to minimize 
losses. This is realized by depositing soot inside fused silica preforms. The fused silica 
tubes used for the experiments were manufactured by HeraeusTM, and the flame 
deposition experiments, and a part of the alloy deposition experiments were performed 
on them. Fused Silica has a softening temperature of 19000C, which was the temperature 
at which the tube collapses to preforms. Fused silica tubes are drawn at a temperature of 
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20000C. However for semiconductors, this temperature is regarded as too high, as the 
oxidation rate of semiconductors increases with temperature, as found by Ballato et al. 
To use lower temperatures, the research was switched from fused silica to 
borosilicate tubes. Borosilicate glass contains a maximum of 82% of SiO2 with the 
balance consisting predominantly of B2O3 and other alkali metal oxides. Two 
commercially available brands, PyrexTM manufactured by Corning, and DuranTM 
manufactured by Schott were used. Both Pyrex and Duran glass collapse in the vicinity 
of 13000C, and can be drawn down in the vicinity of 13500C. During the course of 
research it was observed that Duran had better thermal shock properties than Pyrex, so 
the bulk of the experiments were performed on 19/24 Duran tubes where 19/24 refers 
to the inner and outer diameters of the tubes in millimeters. 
For a part of the research, tubes whose softening temperatures were intermediate 
between fused silica and borosilicate glass were explored. The glass chosen for this 
purpose was VycorTM, manufactured by Corning. The precursor for making Vycor is 
Pyrex glass, which is heat treated causing the glass to separate into a boron oxide-rich 
phase and a phase where the maximum boron oxide content is 3%, compared to 15% 
for Pyrex [32]. The boron oxide rich phase is chemically susceptible to acid leaching, and 
the heat-treated glass is chemically etched to leave behind a low boron oxide content 
highly porous glass. This glass is consolidated to decrease the porosity and is known as 
Vycor. Vycor has good thermal shock properties, and consolidates to preforms at a 
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temperature in the vicinity of 16000C, but due its more involved manufacturing, it is also 
significantly more expensive than either Pyrex or Duran. 
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3. Experiments and Modeling 
3.1 Flame Deposition 
The goal of this project was to leverage the techniques of modified chemical 
vapor deposition and fiber draw to create long length semiconductor fibers. The first 
experiments were carried out by flowing silane inside a pure fused quartz glass tube. 
Silane (and germane) decomposes when heated to form silicon (and germanium) by the 
reaction: 
SiH4 → Si + 2H2 ↑; GeH4 →Ge + 2H2 ↑………………..Equation 3.1 
The heat required for the decomposition reaction was supplied by the oxyhydrogen 
torch. The deposition was accomplished by moving the oxyhydrogen torch in rapid short 
sweeps, with a deposition temperature of 12000C. Figure 3.1 shows an external view of 
the deposited film. The figure shows that there were cracks in the film that revealed a 
columnar grain structure. The reaction also generated a lot of powder that clogged up the 
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deposition tube. The film deposition rate decreased with increasing temperature with a 
increasing powder formation. The powder was blown away during consolidation. 
 
 
Figure 3.1 Top: Photograph of a Si film deposited inside a fused silica tube. Bottom: Crack in the 
film, showing columnar grains 
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Fig 3.2 Optical Microscope of Silicon Deposited on Fused Silica 
3.1.1 Problems with Deposition 
Visually, the powder that clung to the tube surface was indistinguishable from 
deposited films. The deposited films were of the order of tens of microns in thickness, 
and reflected light as seen in Figure 3.2 indicating that they were crystalline. Scanning 
electron microscopy (SEM) observations showed the deposited silicon films to have  
cauliflower-like surface features, indicative of fast growth rates and gas-phase powder 
formation (Figure 3.3). The measured oxygen contents via Electron Dispersive X-Ray 
Spectroscopy (EDX) were around 10%. Ballato et al reported oxygen contents below 5% 
for pure germanium fibers [22]. 
32 
 
Fig. 3.3 Cauliflower growth pattern in Furnace Deposited Silicon 
3.1.2 Problems with Consolidation 
Silicon was deposited using the oxyhydrogen torch on Vycor, fused silica and 
borosilicate glass tubes. Attempts to collapse these at 18000C using the oxy-hydrogen 
flame were not successful. In all attempts, two observations were consistent. The film 
underwent decohesion during the consolidation, and the glass developed cracks. The 
cracks were large enough to be visible in fused silica tubes, and smaller for borosilicate 
tubes. The coefficient of linear thermal expansion for germanium, silicon, fused silica 
and borosilicate glass are 6.1, 3, 9 and 4.1 µm/m-K, respectively. Silicon thin films on 
fused silica has the highest mismatch leading to the largest cracks. 
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3.2 Modelling of Chemical Vapor Deposition of Silicon 
Silane decomposition is a multi-step process with intermediate steps (Figure 3.4), 
with the final reaction products being silicon and hydrogen. A preliminary model was 
constructed to understand the CVD deposition kinetics of silicon. 
 
Fig 3.4 Idealized CVD deposition model of silicon 
Silicon deposition using pyrolysis of silane starts off with the mass transport of 
silane. The silane may either be adsorbed on the substrate surface, or remain in the gas 
phase. As the silane experiences higher temperatures, the silane that remains in the gas 
phase undergoes pyrolysis to form silicon, while the adsorbed silane on the substrate 
undergoes heterogeneous pyrolysis to form silicon.  
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The silicon that is formed by homogeneous pyrolysis, may either react with 
hydrogen to reform silane, undergo homogeneous nucleation in the gas phase, or 
experience mass transport and be deposited on the substrate. The aforementioned three 
processes go on in parallel, and are competing reactions. The homogeneous nucleation 
of silicon formed via homogeneous pyrolysis gives rise to the powder generated in the 
tube. The silicon on the substrate, obtained by mass transport of homogeneous pyrolysis 
of silane, or the heterogeneous nucleation of adsorbed silane undergoes the following 
parallel reactions – reaction with hydrogen to give back silane or heterogeneous 
nucleation to give silicon deposition on substrate. 
The heterogeneous nucleation of silicon on the substrate is the only deposition 
step in this entire process. As can be deduced, there are a multitude of reactions 
occurring, with silane pyrolysis itself being a multi-step process as illustrated in the 
Figure 3.4. Each of these reactions has their own temperature, pressure and gas velocity 
dependent reaction rates. To simplify the modeling, some assumptions were made. 
3.2.1 Assumptions Used 
It was assumed that semiconductor deposition can be broadly classified into three 
reactions, namely mass transport of reactant, gas-phase powder formation by 
homogeneous nucleation, and heterogeneous surface deposition after serial steps of 
diffusion through a gas-phase boundary layer and surface adsorption and nucleation and 
growth of Si grains in the deposited film. It was additionally assumed that the kinetics 
could be expressed by rate constants that have Arrhenius temperature dependence. 
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Fig 3.5 Mass transport and Surface Nucleation in CVD 
3.2.2 Derivation of Equations 
There are two gas-phase silicon concentrations of interest, CG and CS, which are 
respectively, the bulk gas phase concentration, and the gas-phase concentration right at 
the substrate surface (Figure 3.5). If F3 and F4 are the flux of silicon related to gas phase 
diffusion, and surface reaction (combined into surface adsorption, nucleation and 
growth), respectively, they can be related to gas-phase diffusion and surface reaction 
kinetic constants, kG and kS as: 
F3 = kG(CG - CS); F4 = kSCS …..…Equation 3.2 
Since the two kinetic steps are in series, and there is no accumulation of reactants at the 
boundary layer in steady state, F3 must be equal to F4. This gives: 
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KSCS = kG(CG - CS), giving: 𝐶𝐺 = 
𝑘𝐺𝐶𝐺
𝑘𝑆+ 𝑘𝐺
…………… Equation 3.3 
If M be the molecular weight of the semiconductor being deposited, and 𝜌 be the 
density of the said semiconductor, then the deposition rate can be given as  
𝐹3𝑀
𝜌⁄ . 
Figure 3.6 shows a schematic of a tube geometry pf radius r, and a control volume of 
thickness dx. 
 
Fig. 3.6 Schematic of the CVD reaction model 
F1 and F2 are the fluxes of silicon and entering and leaving the control volume 
due to gas flow, and F3 and F4 are the gas phase diffusion and surface reaction related 
fluxes described above. Here, 𝑛1̇ denotes the rate (in moles/s) of gaseous silicon entering 
dx, 𝑛2̇  denotes the rate of gaseous silicon leaving dx, 𝑛3̇  is the rate of silicon 
consumption for powder formation by homogeneous nucleation and 𝑛4̇  denotes the 
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rate of silicon depletion due to coating formation by heterogeneous nucleation. Thus, if v 
is the velocity of gas, these rates can be expressed as: 
?̇?1 = 𝐶𝐺(𝑥) × 𝜋𝑟
2𝑣…………………….Equation 3.4 
?̇?2 =  𝐶𝐺(𝑥 + 𝑑𝑥) × 𝜋𝑟
2𝑣………………….Equation 3.5 
?̇?3 =  𝑘𝐻𝐶𝐺(𝑥) × 𝜋𝑟
2𝑑𝑥…………………………..Equation 3.6 
?̇?4 =  𝑘𝐺{𝐶𝐺(𝑥) − 𝐶𝑆(𝑥)} × 2𝜋𝑟𝑑𝑥𝑑𝑟…………………………..Equation 3.7 
Since the value of CS is known, plugging in Equation 3.3 and using the mass balance 
condition: 
?̇?2 − ?̇?1 = ?̇?4 + ?̇?3……………..Equation 3.8. 
gives: 
𝑉𝐷𝑒𝑝 =
𝑀𝐹𝑛4
𝜌
=  
𝐾𝑆𝐾𝐺
𝐾𝑆+𝐾𝐺
×
𝑀𝐶𝐺0
𝜌
× 𝑒
−(
2𝐾𝑆𝐾𝐺
𝐾𝑆+𝐾𝐺
+𝑟𝐾ℎ
𝑓
𝜋𝑟
)𝑥
………………….Equation 3.9 
where f is the gas flow rate, and x denotes the axial length of the tube. 
Plugging in the Arrhenius rate constants in equation 3.9, the temperature 
dependence of the reaction rate is given in Figure 3.7 
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Figure 3.7 Plot of deposition rate as a function of temperature as derived in Equation 3.7 
Such a plot is similar to an idealized CVD plot with temperature, as given in 
Figure 3.8, thus validating the underlying assumptions in the model. 
 
Fig. 3.8 Ideal CVD deposition kinetics as a function of temperature and pressure 
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It can be observed from Figure 3.7 that at very high temperatures, homogeneous 
nucleation decreases the deposition rate due to gas phase depletion by excessive powder 
formation. Since it was observed that during flame deposition, rapid powder formation, 
occurred, it was concluded that silane deposition was occurring at too high a 
temperature. 
 
3.3 Modeling of Tube Collapse 
J.A. Lewis of Bell Telephone Laboratories observed that the collapse of a viscous 
silica tube occurs due to surface tension difference, and the pressure difference between 
the inner and outer surfaces, and is resisted by the viscosity of the glass tube [33]. If µ is 
the glass viscosity, 𝛥p is the pressure difference, and T is the surface tension difference, 
Lewis obtained two collapse dimensional times: 
𝜇𝑎0
𝑇⁄  and 
𝜇
∆𝑝⁄  where a0 is the initial 
tube inner radius. The two collapse times are an order of magnitude apart, indicating that 
the collapse of a homogeneous tube occurs due to the pressure difference alone. 
3.3.1 Collapse of a Bilayer Tube 
For a heterogeneous bilayer tube, changing to cylindrical coordinates, where u is 
the velocity of viscous fluid during collapse and where a, b and c are the inner, core-
cladding interface and the outer radii respectively, then ur is a constant.  
𝛿(𝑢𝑟)
𝛿𝑟
= 0…………………..Equation 3.10 
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If 𝜏𝑟𝑟 be the radial compressive stress, and 𝜏𝜃𝜃 be the circumferential compressive 
stress, then: 
𝜏𝑟𝑟 = −𝑝 + 2𝜇
𝛿𝜇
𝛿𝑟⁄  …………………..Equation 3.11 
and 𝜏𝑟𝑟 =  −𝑝 + 2𝜇
𝜇
𝑟⁄ …………………Equation 3.12 
The glass viscosity is different in the two layers. µg denotes the core material 
viscosity, and µs the cladding material viscosity, while a0, b0 and c0 denote the initial radii, 
such that the core is between a0 and b0, and the cladding is between b0 and c0. Thus the 
following boundary relations can be obtained from tube incompressibility: 
𝑎2 − 𝑏2 =  𝑎0
2 − 𝑏0
2…………………..Equation 3.13 
𝑐2 − 𝑏2 = 𝑐0
2 − 𝑏0
2…………………..Equation 3.14 
In the regime a < r < b, 𝑢 =  𝑎 ̇ ; 𝜏𝑟𝑟 = −𝑝𝑎 +
𝑇1
𝑎⁄  ; 𝜇 =  𝜇𝑔, 
In the regime b < r < c, 𝑢 =  𝑏 ̇ ; 𝜏𝑟𝑟 = −𝑝𝑏 +
𝑇2
𝑏⁄  ; 𝜇 =  𝜇𝑠.…..Equation 3.15 
Solving for the stress term, gives: 
2𝜇𝑔𝑎?̇? [
1
𝑎2+𝑐0
2−𝑎0
2 −
1
𝑎2+𝑏0
2−𝑎0
2 +
𝜇𝑠
𝜇𝑔
(
1
𝑎2
−
1
𝑎2+𝑐0
2−𝑎0
2)] + ∆𝑝 = 0……… Equation 3.16 
The surface tension and the viscosity values are given as: 
a) Surface Tension of silicon = 0.72 N/m; [35] 
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b) Surface tension of glass = 249.08 nN/m; [36] 
c) Viscosity of molten germanium = 0.7 mPa.s: [37] 
d) Viscosity of molten silicon = 0.8 mPa.s; 
e) Viscosity of Duran glass at 14000C= 100 Pa.s [38] 
Thus, the viscosity of Duran glass is orders of magnitude above that for molten 
silicon and germanium. Thus the semiconductor viscosity should play a negligible role. In 
reality however due to the deposition of amorphous semiconductors, semiconductor 
viscosity plays a major role. In fact, crystalline semiconductors flow away during the 
consolidation process. This model makes two major implicit assumptions. First, it throws 
out the adhesive force between the different layers, and secondly it neglects axial stresses, 
focussing only on radial and angular stresses. However, it was observed that in the 
absence of strong adhesion axial stresses result in loss of as deposited semiconductor 
layer. Future modeling work has to take that in account.  
3.4 Furnace Deposition 
It was observed from modeling that that flame deposition occurred at too high a 
temperature, resulting in excess powder formation. To overcome the problem, the 
experiments were switched over to furnace deposition. The furnace used was a MellenTM 
tube furnace with adjustable temperature control.  
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Fig. 3.9 Temperature Distribution in Furnace at 7000C Furnace Value 
The furnace did not have a axially uniform temperature profile and because of 
gas flow the highest temperature point in the furnace was shifted with respect to the 
center of the furnace in the direction of gas flow, as shown in Figure 3.9. 
The furnace was a total of forty-five centimeters in length, with the heating 
element being thirty centimeters long.  
3.4.1 Furnace Deposition of Silicon 
Pre-collapsed Duran glass tubes were used in the furnace deposition of silicon. 
The glass tubes arrived with an initial inner diameter of 19mm, which were reduced to a 
diameter of 4mm. During pre-collapse only helium was flown through the tube. Helium 
was used because it has the highest known gravimetric thermal heat capacity among all 
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known gases [34]. Thus, flowing helium reduces thermal shock. Two temperatures were 
used for silicon deposition, 7000C and 6200C.  
 
None of the preforms were collapsed. They were instead cleaved, and the 
deposition thickness as calculated from measurements made from electron microscopy 
are presented in Table 3.1 
Distance from Furnace Start Thickness of deposited Silicon 
171mm ….. 
291mm ~8µm 
340mm 7.75 µm 
376mm 5.85 µm 
451mm ~2 µm 
 
Table 3.1. Position dependence of Si film thickness 
 
44 
 
Fig. 3.10 Axial plot of Deposition Thickness 
Thus plotting the deposition thickness with axial length, as can be seen from 
Figure 3.10 that it decreases with axial position in the furnace, validating the observation 
that the deposition was operation in the gas-phase nucleation regime. The powder 
formation also increased with increasing axial distance as can be observed from Figure 
3.11. 
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Fig. 3.11a Deposition at 7000C at 376 mm 
 
Fig. 3.11b Increased powder formation at 451 mm in 7000C deposition 
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Fig. 3.11c Little powder formation, and uniform thickness at 340mm for 7000C sample 
 
Fig 3.11d Uneven sample deposition at 291mm for 6200C deposition 
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For 6200C deposition, the deposition was extremely non-uniform. Collapse was 
tried with similarly deposited samples, but the as deposited silicon underwent decohesion 
from the tube surface during collapse. 
3.4.2 Furnace Deposition of Germanium 
Following the furnace deposition results of silicon, the reactant gas was switched 
to GeH4. The initial aim for switching to germanium was to get thicker samples, of the 
order of several hundred microns. It was hypothesized that the decohesion of the films 
during consolidation could be prevented by reaching thicker depositions. 
Helium was not used during tube pre-collapse. Duran glass was used as the 
deposition glass, with the inner diameter after pre-collapse being three millimeters and 
the outer diameter after precollapse being fifteen millimeters. During germanium 
deposition, germane (GeH4) was used as the reactant gas, while nitrogen was used as the 
carrier gas. The flow rate from the germane cylinders were 100 SCCM, while the flow 
rate from the nitrogen dewars was fixed at 1600 SCCM, where SCCM indicates Standard 
Cubic Centimeters per Minute, while SLM indicates Standard Liters per Minute. The 
standard refers to standard temperature and pressure conditions, which is 273.15K and 
0.986 atmospheres. The only observable pressure was the sootbox pressure, which was 
fixed at 0.2 torrs.  
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The initial deposition was carried out at 5000C, with a deposition time of eight 
hours. It was observed that the deposition started around a hundred and fifty millimeters 
into the furnace, which was pretty independent of deposition times. 
The as-deposited germanium regions had two visually distinct regions. At the 
start of the deposition, the germanium has a matte grey appearance (Figure 3.12). Further 
along the axial length, the color transitioned to a shiny, black region (Figure 3.13). 
However, under similar magnification, there is not much difference between SEM 
images from the two regions, as seen in Figures 3.14 and 3.15. This shows that 
deposition thickness is not the determining factor for sample appearance. Literature 
confirms the difference in appearance due to crystal structure. Matte grey corresponds to 
amorphous germanium and shiny black corresponds to crystalline germanium deposition 
[39]. 
 
Figure 3.12 Matte grey deposition of germanium 
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Figure 3.13 Shiny black deposition of germanium 
 
Figure 3.14 SEM Image of matte grey region 
 
Figure 3.15 SEM image of Shiny black region 
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3.5 Collapse of Germanium Preforms 
Following the observations on eight-hour deposition samples, thicker coatings 
were pursued. The temperature was kept at 5000C, while the total flow rate was reduced 
from 1700 SCCM (1600 SCCM of nitrogen; 100 SCCM of germane) to 400 SCCM (350 
SCCM of nitrogen, 50 SCCM of germane) to increase the residence time of germane in 
the tube. The time of deposition was also increased from eight to twenty four hours.  
The first visible deposition was observed at a 140 millimeters from the start, 
which was matte grey with a bluish tinge in the beginning, and then transformed to a 
dark shiny black region 330 millimeters into the deposition. The tube was collapsed in 
two passes with temperatures of 12400C and 12800C respectively. For the first pass the 
consolidation parameters were 24.2 SLM H2 at 16mm/min flame speed with respect to 
the preform, and for the second pass 22.7 SLM H2 was flown into the burner, while the 
flame travelled at 4mm/min with respect to the preform. 
After collapse, the appearance of the semiconductor changed to a shiny blue. 
Only the matte grey (amorphous) region collapsed. The germanium also beaded up 
during consolidation. Figures 3.16 shows EDX dot maps of the collapsed preforms. 
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Fig. 3.16 SEM image of collapsed Ge preform 
 
Fig. 3.17 False color SEM of collapsed Ge preform 
 
Fig. 3.18 False color SEM of collapsed Ge preform  
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 Two observations were made during the consolidation of germanium preforms. 
First, the absence of helium during pre-collapse results in germanium adhering to the 
glass surface during consolidation, while the presence of helium during pre-collapse 
caused the germanium to peel away during the consolidation process. Secondly, only the 
amorphous region of germanium deposition consolidated, while the crystalline region 
beads up and flows away. Several experiments were performed to repeat the findings, 
and the absence of helium during pre-collapse and amorphous germanium deposition 
consistently led to consolidation, as evidenced in figures 3.17 and 3.18. The collapse 
observations are pictorially represented in figure 3.19. 
 
Figure 3.19. Schematic of the Ge collapse process. 
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3.6 Drawdown of Germanium Core Fibers  
Following the success in consolidating germanium tubes, the preforms were drawn 
down to fibers. The drawdown was performed at 12000C. A draw down ration of 20 was 
used, yielding 1.5-millimeter diameter canes. Two drawdowns were performed, one for 
an eight hour long deposition, and the other for 24 hours of deposition, with all other 
deposition parameters being the same. 
As evidenced in Figures 3.20a and 3.20b, the germanium core preforms were closed, 
with no holes in them. However, after drawing them, the canes had central holes. 
Considering that the draw was performed at 12000C, and germanium melts at 9670C, 
during the draw process germanium was significantly less viscous than glass. 
It was hypothesized that the viscosity difference caused the germanium to drain out 
during drawdown. To prevent that it was elected to proceed to Si-Ge alloys, Alloys, as 
elucidated in Chapter 1, could be drawn at a temperature between their liquidus and 
solidus, in a semi-solid state, and its viscosity can be tuned with the glass. 
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Fig. 3.20a Germanium preform after collapse 
 
Fig. 3.20b Germanium at cleaved cane end after collapse and draw-down 
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3.7 Alloy Preforms 
Alloy deposition was initially performed with 250 SCCM of germane and 30 
SCCM of silane at 5000C. Figure 3.21 shows the beginning of the tube with deposition 
thickness of about two hundred microns, while figure 3.22 shows the central region of 
the tube showing reactant gas depletion. Considering that the deposition of pure 
germanium at similar deposition temperatures lead to deposition thicknesses of the order 
of a few microns, then these two images give evidence of a co-catalysis effect during 
silane-germane deposition. However this was not investigated further. 
 
Fig. 3.21 Hundreds of microns thick alloy deposition 
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Fig. 3.22 Depleted region with regions of almost no deposition. 
 
3.8.1.1. Approaches to Collapsing Alloy Deposited Samples  
The simultaneous deposition of silicon and germanium to form alloys faced 
problems in collapse, as the tubes did not undergo deformation. 
 
3.7.1.1.1. High Temperature Glasses  
The melting point of silicon is 14140C, so initially it was assumed that adding 
silicon raises the deformation temperature of the semiconductor above the softening 
temperature of Duran glass. Both Vycor and Fused Silica Glass were used for co-
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depositing alloys. With fused silica, the glass cracked during deposition, while for Vycor, 
the deposited glass resisted undergoing deformation. 
 
3.7.1.1.2. Lower Silicon Content  
The next approach was to try and reduce the deformation temperature of the 
semiconductor by reducing the silicon content. The alloy deposition was initially started 
with 30 SCCM of gas flow from the silane cylinder combined with 250 SCCM of gas 
flow from the germane cylinder. After observation that 30 SCCM of Silane flow did not 
result in collapse, the gas flow from the Silane cylinder was reduced to 10 SCCM and 
ultimately 4 SCCM, the minimum allowed value by the Mass Flow Controllers.  
 
3.7.1.1.3. Melting Points of GeO2 vs. SiO2   
The melting point of GeO2 is 11150C, which is close to and in fact lower than the 
softening temperature of the glass. Lowering silicon contents in the alloy, or using high 
temperature glasses did not work. It was hypothesized that there was no immediate and 
abrupt change from glass to a semiconductor, rather it happened over several atomic 
layers. 
 
3.7.2. Modified Alloy Deposition  
Following the above observation a reactant gas composition of 3SCCM of SiH4, 
100 SCCM of GeH4 and 200SCCM of N2 was chosen, with a caveat, that for the first 
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thirty minutes silane flow would be switched off. The deposition temperature was 4700C 
and the entire reaction duration was eight hours. 
As-deposited alloy preforms were subsequently collapsed as evident in Figure 3.23, and 
even Duran glass preforms collapsed, given the fact that Duran has the lowest softening 
temperature of the studied glasses. 
 
Fig. 3.23 Collapsed alloy preform with linescan showing presence of both silicon & germanium 
However during the collapse, the sacrificial germanium layer beaded away as evidenced 
in figures 3.24. The halo of spots around the core consists of Ge particles imbedded in 
the collapsing glass. The center contains the Ge core, where the light has to be confined. 
This, the presence of the Ge particles in the glass should have no optical consequences. 
A schematic of the beading and consolidation process is shown in Figure 3.24. 
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Figure 3.24 Top: Germanium beading during consolidation. Bottom: Schematic of sacrificial 
germanium layer beading during consolidation 
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4. Conclusions and Future Work 
4.1 Final Outcomes 
For Tube Collapse it was observed that pre-collapsing tubes in the absence of helium is 
necessary for preform consolidation. Crystalline semiconductors melt and break up into 
beads during collapse and blow away during consolidation. It is also essential to have 
amorphous deposition. 
For alloy collapse, even very small percentages of silicon-oxygen bonds on glass surface 
inhibit the collapse of glass tubes. A small sacrificial germanium layer to prevent oxygen-
silicon bonds takes care of that issue. 
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4.2 Future Goals 
It was observed that amorphous semiconductors deformed and collapsed more 
readily than crystalline semiconductors. The reasons behind this are not very well 
understood. The effect of helium is intriguing considering the fact helium is a noble gas. 
Helium is also permeable through glass. During consolidation it was observed the flame 
color changed. Such a change may be attributable to elements leaching out of the glass, 
which can be understood with a spectroscopic analysis. A spectroscopic analysis in the 
presence and absence of helium would shed more light on the problem. 
The mechanics of adhesion of semiconductor to glass, with respect to chemical 
treatment of the glass, or the crystallinity of the semiconductor is not yet understood. To 
proceed from empirical data about collapse to predicting consolidation with respect to 
composition requires an understanding of such. 
Even though alloy preforms were fabricated to overcome problems with pure 
germanium preforms, none of those preforms were drawn down to fibers. Future work 
includes drawing down those preforms, and solving challenges in the draw process. 
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